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As3H complex dissociates into As2 and AsH complexes.
The AsH complex immediately breaks into W and As
during hydrogenation, while the As2 complex scarcely dis-
sociates at the hydrogenation temperatures. As a result,
the As donor concentration in the high-concentration As-
doped silicon increases by hydrogenation. The carrier con-
centration in the hydrogenated samples was remarkably
reduced by postannealing after hydrogenation, since As
precipitates were made during the high-temperature
postannealing.
Manuscript submitted June 12, 1997; revised manuscript
received November 11, 1997.
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ABSTRACT
In several models of dielectric breakdown, nondestructive electric breakdowns precede destructive thermal dielectric
breakdown. Both processes in oxides between 5 nm and 80 nm thick have been studied. The two breakdown phenomena
have been differentiated, and the electric breakdowns have been separated from the dielectric breakdown. During constant
voltage stressings, prior to dielectric breakdown, transient voltage spikes were measured and spots formed on the surface
of the wafers due to electric breakdowns. Similar transient spikes occurred when measuring ramped breakdown voltages.
It was found that the time dependent dielectric breakdown (TDDB) distributions measured on a series of identical oxides
at the same voltages depended on the resistance and capacitance of the measurement test equipment due to the thermal
nature of the dielectric breakdown. The TDDB distributions were shifted to shorter times if (i) the impedance of the test
equipment was lowered and/or (ii) the capacitance of the test equipment was raised. The implications of this work are dis-
cussed in terms of electric and dielectric breakdown models and practical circuit and device operation.
Introduction
It has been known for some time that nondestructive
electric breakdowns precede destructive, thermal, dielec-
tric breakdown in silicon oxides.5 The electric/dielectric
breakdown process has been described as a multistep
event, which has been summarized2'4 as follows. During
the application of high voltages, traps are generated inside
the oxide. These traps result in local high current density
regions, in addition to the relatively uniform tunneling
currents that are present. These local high current regions
lead to local oxide heating. When the local product of the
electric field and current density (energy density) becomes
sufficiently high, a local runaway occurs, producing a low
resistance path between the electrodes. The energy stored
in the capacitor is discharged through this path and the
Present address: EECS Dept., University of California,
Berkeley, CA, USA.
voltage across the capacitor collapses; the oxide has bro-
ken down. This is electric breakdown. If the balance
between the energy stored in the capacitor, the time decay
of the current through the external electrical circuit, and
the thermal geometry of the oxide are matched, the break-
down region can be open-circuited. The breakdown
process then repeats itself many times, at different loca-
tions, until a sufficiently low resistance path is formed be-
tween cathode and anode to produce a shorting, thermal,
breakdown, This final thermal breakdown is generally re-
ferred to as dielectric breakdown. Electric breakdowns
have been measured to occur in about 1/10 of the time and
at voltages as low as 1/2 of those required to produce ther-
mal dielectric breakdowns.6 The electric breakdowns man-
ifest themselves in many ways, including step-type transi-
tions in the current-time or voltage-time characteristics,
and increases in the noise properties of the device. These
electric breakdowns (often referred to as prebreakdowns,
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soft breakdowns, early breakdowns, or quasi breakdowns)
have received much study in the past several years.7 It
has been found that the early breakdowns can be charac-
terized by the noise associated with the electric break-
down events.12-'5
Generally, when either constant voltage or constant cur-
rent breakdown tests are performed, the time-to-break-
down results are reported as the final, thermal, dielectric
breakdown, not the earlier electric breakdowns. These
results are often presented as time dependent dielectric
breakdown TDDB distributions. When measuring the
breakdown voltage using ramp voltage tests, the applied
voltage causing the breakdown is usually reported as the
voltage required to produce dielectric breakdown, not the
voltage at which the first electric breakdown occurs. Early
breakdowns have not received as much study as dielectric
breakdowns, partially because of the difficulties of mak-
ing the early breakdown measurements and partly be-
cause, in the early days of integrated circuit technology,
many of these breakdowns were defect related.16'17 How-
ever, the high quality of present integrated circuit technol-
ogy has eliminated most of these defect dominated break-
downs and the electric breakdowns can now be considered
to be intrinsic breakdowns and can be studied in detail.
Many models of dielectric breakdown have been devel-
oped incorporating various TDDB distributions reported
by different workers on different oxides using different
test equipment. One of these models is an engineering
model of dielectric breakdown.18 Implicit in the compari-
son of different TDDB distributions was the assumption
that dielectric breakdown distributions measured in one
facility could be reproduced in another facility, even
though the measurement test stations might be different.
In this paper, various aspects of both electric and dielec-
tric breakdowns are discussed. The electric breakdowns are
described and are correlated with the dielectric break-
downs. It is shown that the TDDB distributions measured
on identical oxides at the same voltages are not unique, but
depend on the internal resistance and capacitance of the
test station. Both the time-to-breakdown and the break-
down voltages, using electric breakdown as the breakdown
criterion, are significantly lower than those obtained when
thermal, dielectric breakdown voltages are used as the
breakdown criteria. The impact of electric breakdowns on
both dielectric breakdown theories and on practical device
and circuit operations are discussed briefly.
Experimental
Twodifferent sets of experiments differentiating electric
and dielectric breakdown were performed. In one set, con-
stant voltage TDDB distributions were measured while
oxide surfaces were observed and both the steady current
through the oxides and the transient voltages across the
oxides were recorded. Various test equipment was used to
apply the voltages and measure the currents during this
experiment. The capacitance of the test station was
altered by the addition of external capacitors across the
probes. In a second set, of experiments, the oxide voltages
were ramped to breakdown, the surfaces of the wafers
were observed, and the transients that occurred prior to
dielectric breakdown were recorded.
For the first set of experiments, a series of oxides were
fabricated using high quality commercial local oxidation
of silicon (LOCOS) processes on both n-type and p-type
substrates. The oxide thicknesses were 5, 10, 20, 40, and
80 nm. Constant voltage TDDB distributions were meas-
ured on oxides with areas of 5 X i0 cm2 using a variety
of measurement equipment, but the same applied voltages.
The voltage across the oxide was monitored using a Tek-
tronix TDS52O storage oscilloscope during the TDDB
measurements. The steady currents through the oxides
were measured using a HP 4140b pAmeter. Both the wave
shapes and the times of the nonshorting electric break-
downs were recorded by the oscilloscope during the TDDB
measurements. The surface of the oxide was photographed
whenever an electric or a dielectric breakdown occurred.
These oxides were covered with n polysilicon and an alu-
minum contact pad. Even though the polysilicon/alu-
minum gate material was relatively thick and opaque to
light transmission, whenever a nondestructive breakdown
occurred on the thicker oxides, it was possible to see both
spots develop on the surface of the gate and light emission
(presumably incandescence) from these surface spots. On a
separate set of oxides, the low level stress-induced leakage
currents (SILCs) were measured after different numbers of
nonshorting electric breakdowns had occurred.
For the second set of experiments, both the oxides
described above and a set of 3 nm thick oxides fabricated
on p-type substrates were used. The gate voltage was
swept until dielectric breakdown occurred. A sensitive
detector across the oxide detected current spikes associat-
ed with electric breakdowns prior to the occurrence of
dielectric breakdowns. On the thicker oxides, spots were
photographed on the wafers at high voltages, but prior to
the detection of dielectric breakdown.
Results
Constant voltage breakdown—The two types of break-
downs measured in this experiment have been depicted in
Fig. 1. Dielectric breakdown occurred when a precipitous
and permanent increase in the oxide current was meas-
ured, as shown in Fig. la. At this point, a low resistance
path had formed between the cathode and anode. This
low-resistance path was parallel to the test capacitor and
was usually of a sufficiently low resistance, that it could
not be open-circuited by the voltages and currents applied
by the test station. The electric breakdowns, shown as cur-
Fig. 1. The current vs time (l-t) characteristics of an oxide being
stressed at high voltages. The Ii characteristics shown in (a) was
that recorded using the HP 41 40b pAmeter. The I-t characteristic
shown in (b) has had the times of the electric breakdowns, as
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rent spikes in Fig. ib, were low-resistance paths that had
formed but could be open-circuited by the test equipment.
It was necessary to monitor the voltage across the oxides
with the TDS52O oscilloscope to detect the electric break-
downs, which are shown in Fig. lb as spikes on the cur-
rent-time plot prior to dielectric breakdown. It should be
noted that the HP 4l40b pAmeter was not sufficiently fast
to detect these current spikes, nor the small local current
fluctuations. Instead, the TDS52O oscilloscope detected
the voltage spikes accompanying the electric breakdowns.
The voltage across the oxide temporarily dropped when
the electric breakdowns occurred as the capacitor dis-
charged its energy. The gate voltage was then recharged by
the current from the voltage source when the electric
breakdowns open-circuited.12'4 These nonshorting electric
breakdowns were usually accompanied by emission of
light from the breakdown region, as have been observed by
others.'9"° The transient voltage spikes became more fre-
quent as dielectric breakdown was approached. Similar
effects, including emission of light, have been reported for
electric breakdowns in liquid dielectrics.2'
A typical voltage wave shape measured across a 40 nm
thick oxide during one of the electric breakdowns is shown
in Fig. 2. Similar wave shapes were measured across the
other thicknesses of oxides. Notice both the collapse of the
voltage when electric breakdown occurred, the recharging
of the capacitor after the short circuit had been open-cir-
cuited, and the overshoot of the voltage due to the limits on
the power supply compliance. The high frequency oscilla-
tions during the collapse of the voltage were due to ringing
in the measurement circuit. Many of these transient spikes
were observed prior to dielectric breakdown, with their
frequency increasing as breakdown was approached. The
times of these electric breakdowns were used to draw the
current spokes plotted in Fig. lb.
Photographs of the surface of the oxide that are de-
scribed in Fig. 2 have been shown in Fig. 3 after one volt-
age transient had been measured, and after several tran-
sients had been measured. One spot occurred on the wafer
every time an electric breakdown was detected. The last
spot measured on the wafer was the dielectric breakdown
region and was usually bigger than the electric breakdown
spots. In some of the capacitors it was possible to detect
spots along the periphery of the oxide due to LOCOS edge
effects. The spot patterns were often different for the two
polarities of stress voltage due to the different locations of
asperities at the two electron injecting interfaces, particu-
larly near the LOCOS edge.2'
In a separate experiment, the low-level leakage currents
were measured before any spots had been observed on the
wafer surface, and, after spots had been observed. The
leakage currents shown in Fig. 4 were measured before
stressing, after stressing but before any electric- break-
downs had been observed, after the first electric break-
down, after about ten electric breakdowns, and just before
dielectric breakdown occurred. These stress-induced leak-
age currents (SILC5) were comparable to those measured
on thinner oxides during quasi-breakdown studies." It has
been shown that stress-induced leakage currents are pro-
H21
I I I I
Fig. 2. The voltage across a 40 nm thick oxide during a typical
electric breakdown event. The voltage across the oxide collapsed
when the breakdown region formed between the cathode ond
anode. The voltage recovered when the electric breakdown region
open-circuited.
portional to the density of traps generated by the stress-
es," which seems to be confirmed by the data shown in
Fig. 4. As the oxides were stressed for longer times, the
trap densities rose and the SILCs rose.
Since it was clear the electric breakdowns were occur-
ring prior to dielectric breakdown, it was decided to try to
trigger the early electric breakdowns into dielectric break-
downs. The techniques that were used to couple the 1/2
CV' energy stored in the oxide to the early breakdowns
were (i) lowering the impedance of the voltage source used
to drive the current through the oxides and/or (ii) having
more stored energy available for discharge by placing an
external capacitor in parallel with the test structure and
allowing this capacitor's energy to discharge through the
electric breakdown region. A 0.1 p.F tantalum capacitor
was placed across the test oxide capacitor at the probes
when more capacitive stored energy was desired. It would
have been possible to raise the capacitor stored energy,
and thus, lower the time-to-breakdown, by raising the
area of the test capacitot However, it has been shown that
intrinsic TDDB distributions are area dependent'4 due to
Gate Voltage (volts)
Fig. 4. Low level leakage currents measured on a 40 nm thick
oxide. The currents were measured before any stressings, after
stressing but before any elecfric breakdowns hod been recorded,
and after various numbers of electric breakdowns had been seen.
soveral spots
betore stress one epot
Immediatoly prior
to breakdown
Fig. 3. Breakdown spots photographed after electric breakdowns
on 40 nm thick oxides. Every electric breakdown was accompanied
by a spot. In the thinner oxides the spots were very small and were
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the random nature of the statistics involved in the break-
down process.25
Four breakdown distributions measured on 40 nm thick
oxides on n-type substrates at +40.5 V shown in Fig. 5.
Three of these breakdown distributions were measured
using (i) a HP 4140b pAmeter as the voltage source, (ii) a
HP 4140b pAmeter with the 0.1 F tantalum capacitor
placed across the oxide, and (iii) a VIZ VIP 711 low imped-
ance voltage source. The fourth breakdown distribution
shown in Fig. 5 was the time of the first electric break-
down recorded on each oxide by the TDSS2O oscilloscope
using the HP 4140b pAmeter as the voltage source, and no
capacitor across the oxide. From data in the operating
manuals, the impedance of the HP 4l40b pAmeter was
approximately 40 kfl, and the impedance of the VIZ WP
711 voltage source was approximately 4 11 at the measure-
ment voltages and currents. The breakdown distributions
measured on these identical oxides at the same voltages
varied by about an order of magnitude, but had similar
slopes. A similar difference between nondestructive and
destructive breakdowns has been reported.6 Apparently,
when an electric breakdown occurred, a conducting path
was formed between the cathode and anode. If the meas-
urement circuitry could provide a large amount of current
to this region in a short time, as was the case when either
the low impedance voltage source or the auxiliary capaci-
tor was used, then the temperature of this local region
could rise to a sufficiently high temperature to cause an
expansion of the local melted region. This larger region
formed a path that was detected as a dielectric breakdown
region. If the energy discharged into the local path was
low, as was the case when the HP 4140b pAmeter was used
by itself, then this local region did not expand and the
local conducting path was open-circuited, and new paths
could be formed later in the wearout/breakdown process,
similar to the processes that have been previously
described.'6
Similar breakdown distributions were measured on
other thicknesses of oxides. Notice in Fig. S that the time-
to-breakdown measured using the low impedance source
was very close to the first nonshorting breakdown time
observed using the HP 4140b pAmeter. Usually, no more
than one nonshorting spot was observed on the oxides
prior to dielectric breakdown when the low impedance
voltage source was used. The size of the dielectric break-
down spot increased if a capacitor was placed across the
oxide, and was larger yet when the low impedance voltage
source was used. Three dielectric breakdown spots are
shown in Fig. 6 for the three dielectric breakdown condi-
tions described above. It appeared that as the energy
100 1000 10000 100000
Time-to-breakdown (sec.)
Fig. 5. TDDB distributions measured on identical 40 nm thick
oxides at +40.5 V using different test equipment. As the imped-
ance of the test station was lowered, the time-to-breakdown
decreases. The times of the first electric breakdowns have also
been shown.
Fig. 6. Breakdown spots photographed on 40 nm thick oxides
when the HP 4140b pAmeter was used, with and without the exter-
nol capacitor, and when the low impedance voltage source was
used.
available for dielectric breakdown increased, or as the
external circuit allowed more current during the break-
down transient, the size of the dielectric breakdown spot
increased.
Ramped voltage—Several of the oxides used in the con-
stant voltage tests described above, were forced to break-
down at ramp rates of 1 MV/s. Both positive and negative
gate voltages were used. It was observed that, on the 40
and 80 nm thick oxides, electric breakdown spots occurred,
and could be photographed when the applied field was
high, but less than the dielectric breakdown field. On the
20 nm thick oxides, the spots were very small and visible to
the eye, but identifying them on a photograph was difficult.
On the oxides thinner than 10 nm, no visible spots were
observed. However, in all of the oxides, the voltage spikes
associated with the electric breakdowns were seen at volt-
ages lower than the final dielectric breakdown voltage.
Extensive studies were performed on a 3 nm thick oxide.
The 3 nm thick oxide was swept to breakdown at a sweep
rate of 1 MV/s. A detector circuit was set to indicate an
electric breakdown whenever the logarithmic slope of the
I-V characteristic increased by a factor of 3 over the aver-
age slope of the last 5 I-V recordings. The I-V characteris-
tics, to breakdown, of one of these 3 nm thick oxides, is
shown in Fig. 7, along with the change in the logarithmic
slope. The detection of dielectric breakdown at 7.1 V is
evident in this plot. The high noise in the logarithmic slope
at low currents was due to the large relative changes in
these low currents, not due to a breakdown event. At high-
er voltages and currents, electric breakdowns, as indicat-
ed by one-time changes in the logarithmic slope, were
seen. The first few of these electric breakdowns have been
identified on the plot. Notice that as the applied voltage
approached the dielectric breakdown voltage, the inci-
dence of electric breakdowns increased. The breakdown
voltage of this oxide would have been recorded as 5.4 V if
the first electric breakdown had been used as the break-
down criterion, and would have been recorded as 7.1 V if
dielectric breakdown had been used as the breakdown cri-
terion. These data are similar to data that has been previ-
ously presented.6
Discussion
The presence of both electric and dielectric breakdowns
in constant voltage and ramped voltage measurements has
been described. These measurements support the work of
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Fig. 7. Ramped current-voltage characteristics of a 3 nm thick
oxi6e along with the change in the logarithmic slope that occurred
whenever an electric breakdown had occurred.
at shorter times and at lower voltages than did thermal,
dielectric breakdown.6 The triggering of some of these
electric breakdowns into dielectric breakdown, by the use
of an external capacitor to store extra charge or the use of
a low impedance voltage source to provide more current-
at-breakdown, has shown that dielectric breakdown dis-
tributions, measured at the same voltages, are not unique,
but depend on the details of the measurement test station.
These results have several ramifications regarding the the-
oretical and practical aspects of dielectric breakdown
measurements.
Much of the recently published work on oxide break-
downs has concentrated on describing thermal dielectric
breakdowns. A statistical model for dielectric breakdown
has been proposed25 and confirmed over a wide variety of
oxide conditions.26 This model, and the confirmations,
were based on measuring the time, voltage, and thickness
dependences of the trap generation inside the oxides prior
to breakdown22 and coupling the measured time depen-
dence of the trap generation to the statistics of breakdown
and the TDDB distributions.25 In this model, breakdown
was triggered when the local density of traps exceeded a
critical value. Also, it was been shown that parallel shifts
in TDDB distributions to lower breakdown times, similar
to those shown in Fig. 5, were predicted if the number of
traps in the breakdown region remained constant and the
breakdown area became larger.28 A shorting breakdown
would be expected to produce a short circuit with a larger
cross-sectional area between the two electrodes than a
nonshorting breakdown. Thus, the statistical model of
breakdown appears to account for the qualitative results
reported above.
A recent model of dielectric breakdown, where the traps
responsible for the triggering of breakdown must be
aligned in space to produce a local high-current-density
region, has been shown to explain the thickness depen-
dence of dielectric breakdown TDDB distributions.29 Both
of the theoretical models of dielectric breakdown25'29
appear to be sufficient to predict both electric breakdowns
and dielectric breakdown. The only differences that need
to be applied to differentiate between the two will be in
the number of traps required to trigger a breakdown and
in the cross-sectional area of the breakdown region. The
experimental confirmations of these theories will require
that both electric and dielectric breakdowns are meas-
ured. If a more complete model of electric/dielectric
breakdown is developed, this model must include the ther-
mal geometry of the oxide, including a transient analysis
of the circuitry used to make the measurements. This more
complete model needs to be developed.
One of the ramifications of this work is related to the
thickness dependence of dielectric breakdown field. It has
been observed by many workers that the dielectric break-
down field decreases as the oxide thickness increases.50
This effect has often been attributed to the higher likeli-
hood of including a defect in a thicker oxide and, thus, the
triggering of an extrinsic breakdown. Based on the work
reported here, there may be an additional effect complicat-
ing the thickness dependence of the breakdown field. The
energy stored in a capacitor drops as the oxide thickness
increases. The energy stored in the oxide, E, is given as
E 1/2CV2 = 1/2€sAE0V [1]
where C is the oxide capacitance, V is the applied voltage,i the dielectric constant of the oxide, A is the capacitor
area, and E0 is the oxide field, approximated as the oxide
voltage divided by the oxide thickness. At a constant oxide
field and as the oxide thickness is increased, the energy
stored in the capacitor increases. It is shown in Fig. 5 that
the time-to-breakdown decreased as the stored energy in
the oxide increased. A similar effect may be lowering the
breakdown field in thicker oxides, where the energy stored
in the capacitor is higher at the same electric field than in
a thinner oxide. This higher stored energy may be trigger-
ing an electric breakdown into a dielectric breakdown.
Measurements of the electric breakdown distributions as a
function of oxide thickness and applied field are needed to
determine the magnitude of the effect due to capacitive
stored energy.
The current-voltage characteristics, to breakdown, of
oxides of different thicknesses are shown in Fig. 8, which
indicates that the currents flowing through the oxides
were due to Fowler-Nordheim tunneling. The electric field
at dielectric breakdown was smaller in the thicker oxides,
in agreement with the previous work of others.3° However,
the energy stored in the oxide at the breakdown voltage,
increased as the oxide thickness increased, and may be
part of the reason lower breakdown fields have been asso-
ciated with dielectric breakdown on thicker oxides. When
an electric breakdown was triggered in one of these thick-
er oxides, there was more energy stored in the capacitor
and this larger amount of energy heated the oxide break-
down region more than in a thinner oxide. As was the case
when the tantalum capacitor was placed parallel with the
oxide, this larger amount of stored energy triggered one of
the earlier electric breakdowns into a thermal dielectric
breakdown.
Voltage (volts)
Fig. 8. Ramped current-voltage characteristics of different thick-
nesses of oxides showing the dielectric breakdown. The dielectric
breakdowns occurred at lower fields and lower current densities as
the oxide thicknesses increased. However, the energy stared in the
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breakdown may be the cause of the over-erase upset
observed in EEPROMs when Fowler-Nordheim tunneling
is used to erase the cells.
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Oxide thickness (nm)
Fig. 9. The stored energy in the oxides as a function of oxide
thickness at the breakdown voltages shown in Fig. 8.
The energy stored in the capacitor, at the breakdown
voltage, has been plotted as a function of oxide thickness
in Fig. 9. In the thicker oxides, fewer spots were seen and
fewer electric breakdowns were recorded prior to dielec-
tric breakdown. It was possible that the electric break-
downs in thicker oxides were being triggered at the same
fields as the electric breakdowns in thinner oxides, but the
dielectric breakdowns occurred at lower fields in thicker
oxides partially because the energy stored in these capac-
itors was higher. More experimental work to define the
thickness dependences of the times, voltages, and fields of
the electric breakdowns is presently underway.
It is believed that these nondestructive electric break-
downs are possibly the cause of the over-erase upsets in
electrically erasable programmable read only memories
(EEPROM5) when Fowler-Nordheim tunneling is used for
erasing.31 During the erase cycle, nondestructive electric
breakdowns occur throughout the memory array. These
electric breakdowns trigger an upset in the cell, but do not
permanently damage the individual cell. The number of
these upsets increases as the number of write/erase cycles
increases, and as the trap density throughout the oxide
increases. In most cases, the cells upset by one of these
electric breakdown regions will not be the same cells that
are upset during subsequent erase cycles. However, once a
cell has had an electric breakdown, there may be a higher
probability that a subsequent electric breakdown can
occur near the first electric breakdown region.
Conclusions
It has been shown that both electric and dielectric
breakdowns can be observed in oxides using both constant
voltage and ramped voltage measurements. These electric
breakdowns can be triggered into dielectric breakdown if
appropriate modifications are made to the external meas-
urement circuitry. Thus, TDDB distributions at a constant
voltage are not unique. They depend on the resistance and
capacitance of the measurement circuit. They also depend
on the sensitivity of the equipment used to detect the
breakdown. Similar effects may be affecting the measured
breakdown voltages and fields of thin oxides. The two sta-
tistical models of dielectric breakdown and TDDB distri-
butions based on trap generation inside the oxide, appear
to be sufficient to be used to describe both electric and di-
electric breakdowns, if appropriate modifications are
made in the number of traps required to trigger break-
down and in the breakdown area. The nondestructive elec-























1. N. Klein, fEEE Trans. Electron Devices, ED-13, 788
(1966).
_________________________________________ 2. N. Klein, Thin Solid Films, 7, 149 (1971).
0 20 40 60 80 100 3. M. Shatzkes, M. Av-Ron, and H. M. Anderson, J. Appl.
Phys., 45, 2065 (1974).
4. P. Solomon, J. Vac. Sci. Technol., 14, 1122 (1977).
5. D. H. Wolters and J. J. Van Der Schoot, Philips J. Res.,
40, 164 (1985).
6. M. Shatzkes and M. Av-Ron, IEEE /IRPS Thtorial No. 6
(1992) and references cited therein.
7. B. Neri, P. Olivo, and B. Rico, Appl. Phys. Lett., 51,
2167 (1987).
8. K. H. Farmer, H. Saletti, and H. A. Buhrman, ibid., 52,
1749 (1988).
9. H. Satake, N. Yasuda, A. Takagi, and A. Toriumi, ibid.,
69, 1128 (1996).
10. M. Depas, T. Nigam, and M. M. Heyns, IEEE Trans.
Electron Devices, ED-43, 1499 (1996),
11. T. Yoshida, S. Miyazaki, and M. Hirose, 539, fEEE
fnternational Conference Extended Abstracts, Yoko-
hama, Japan, Aug. 26-29 (1996).
12. H. Saletti, B. Neri, P. Olivo, and A. Modelli, IEEE
Trans. Electron Devices, ED-37, 2411 (1990).
13. H. Saletti and B. Neri, fEEE Trans. fnstrum. Meas.,
IM-41, 123 (1992).
14. B. Neri, P. Olivo, H. Saletti, and M. Signoretta, Micro-
elect ron. Reliab., 35, 529 (1995).
15. G. B. Alers, K. S. Krisch, D. Monroe, B. E. Weir, and
A. M. Chang, Appl. Phys. Lett., 69, 2885 (1996).
16. J. H. Monkowski, Microcontamination, 37, February-
March (1984).
17. D. H. Wolters and J. J. Van Der Schoot, Philips J. Res.,
40, 115 (1985).
18. I. C. Chen and C. Hu, IEEE Electron Device Lett.,
EDL-8, 140 (1987).
19. Y Uraoka and K. Tsuji, fEf CE Trans. Electron, E76-C,
519 (1993).
20. M. Mankos, H. M. Tromp, M. C. Reuter, and H. Cartier,
Phys. Rev. Lett., 76, 3200 (1995).
21. P. Barmann, S. Kroll, and A. Sunesson, J. Phys. D:
AppI. Phys., 29, 1188 (1996).
22. Y. Hokari, IEEE Trans. Electron Devices, ED-35, 1299
(1988).
23. D. J. Dumin and J. H. Maddux, IEEE Trans. Electron
Devices, ED-40, 986 (1993).
24. H-P Vollertsen and W. G. Kleppmann, 75 Proc IEEE/
ICMTS Kyoto, Japan, March 18-20 (1991).
25. J. Sune, I. Placencia, N. Barnoil, E. Farres, F. Martin,
and X. Aymerich, Thin Solid Films, 185,347 (1990).
26. D. J. Dumin, J. H. Maddux, H. S. Scott, and H. Subra-
moniam, IEEE Trans. Electron Devices, ED-41, 1570
(1994).
27. H. S. Scott, N. A. Dumin, T. W. Hughes, D. J. Dumin,
and B. T. Moore, ibid., ED-43, 1133 (1996).
28. H. Subramoniam, H. S. Scott, and D. J Dumin, Tech.
Dig. mt. Electron Devices Meet., 135 (1992).
29. H. Degraeve, J. L. Ogier, H. Bellens, Ph. Roussel, G.
Groeseneken, and H. E. Maes, in Proceedings of the
7995 Int. Rd. Physics Symposium, 1'V34, 44 IEEE,
Dallas, Texas, April 30-May 2 (1996).
30. E. Harari, AppI. Phys. Lett., 30, 601 (1977).
31. C. Dunn, C. Kaya, T Lewis, T. Strauss, J. Schreck, P
Hefley, M. Middendorf, and P San, in Proceedings of
the 1995 fnt. Ret Physics Symposium, Fy33, 299, IEEE,
Las Vegas, Nevada, April 4-6 (1995).
) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 130.203.136.75Downloaded on 2016-10-07 to IP 
